RESEARCH
H eterosis or hybrid vigor is a widely known phenomenon in agriculture and has been effectively used in both animal and crop improvement programs (Kang, 1994) . Heterosis means that the progeny of diverse parents from a species or from interspecific crosses show higher levels of biomass, speed of development, and fertility than their parents (Birchler et al., 2010) . Commercial use of heterosis has enhanced production of maize and rice (Denning and Mew, 1997; Crow, 1998; Yuan, 2014) . Zhang et al. (1994) conducted a diallel analysis of heterosis in rice using restriction fragment length polymorphisms and microsatellites and found heterosis to be much higher for yield than for yield component traits. Darwin (1876) was the first scientist to report on heterosis in the pre-genetics era. Much of the understanding about heterosis or hybrid vigor began to emerge in the early 20th century. Dominance, overdominance (pseudo-overdominance, i.e., caused by linkage bias; Lamkey and Edwards, 1999; Crow, 2000) , and
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ABSTRACT
Diallel analysis of quantitative traits has contributed greatly towards improving crops and understanding of heterosis. Nevertheless, the mechanisms of heterosis are still unclear. The objectives of this study were to: (i) investigate whether reciprocal crosses and environments affect heterosis of quantitative traits, such as maize (Zea mays L.) grain yield (GY), kernel number per row (KR), kernel rows per ear (RE), and 100-kernel weight (KW); (ii) determine whether heterosis of a composite quantitative trait (CQT), such as GY, is impacted by heterosis of its inherent component traits (ICTs; i.e., KR, RE, and KW); and (iii) evaluate if current hypotheses and/or theories of heterosis need to be modified. Data were obtained from a 12-parent diallel cross (F 1 and reciprocal F 1 ). Heterosis varied among crosses, between reciprocal crosses, and across environments. Further, heterosis of GY, a CQT, was greatly impacted by heterosis of its ICTs. Nonsignificant variances for females × males × year and specific combining ability (SCA) × year interactions for heterosis strongly suggested that the gene expression in both parents and their crosses might be similar or that the same genes from two parental lines might complement each other in crosses and offer additional choices for allele selection in hybrids, which could make hybrid performance stable across environments. Study results helped us propose a modification of Goff's 'energy-efficient allele selection' (EEAS) model. We discuss how the modified model not only explains what previous heterosis theories can explain, but additionally how it can explain certain aspects that previous heterosis theories are unable to explain.
epistasis have been the three major hypotheses proposed to explain the genetic basis of heterosis before 1950 (Davenport, 1908; Shull, 1908; Bruce, 1910; Crow, 1948) and after 1950 ( Jinks and Jones, 1958; Stuber, 1994; Goodnight, 1999; Larièpe et al., 2012; Gerke et al., 2015) . The role of epistasis in generating heterosis has been discussed by Melchinger et al. (2007) . It was through diallel analyses that overdominance was conjectured to be a cause of heterosis (Hull, 1946) . Jinks (1954) attributed overdominance to non-allelic interactions. Jinks (1955) further pointed out that specific combining ability was always associated with nonallelic interactions (overdominance); he related general combining ability to the expression of dominance.
Though the hypotheses to explain heterosis were laid out a century ago, mechanisms of heterosis largely remain unclear or poorly understood (Goodnight, 1999; Wang et al., 2015) . None of the three major heterosis hypotheses seems to be able to fully explain heterosis. For example, according to the dominance hypothesis, it should be possible for inbred lines (with all favorable alleles in homozygous state) to be as productive as hybrids (heterozygous at all loci). This means that, barring environmental influences, the phenotype resulting from an AABB genotype should be no different than that generated by an AaBb genotype. However, such heterosis patterns have not yet been practically achieved. In addition, since, under complete dominance, the phenotypic segregation ratio in the F 2 generation is always 3:1, the distribution for a particular trait should be skewed. Breeding practice has shown, however, that this is not the case (Goodnight, 1999) . On the other hand, based on overdominance, there should not have been a completely dominant trait like purple color (PP, Pp) over white color (pp) in pea flowers and A blood type (AA, AO) over O blood type (OO) in humans. Some evidence seems to support the epistasis hypothesis since interaction of favorable alleles at different loci of multiple genes contributed from two parental lines is quite common Luo et al., 2001; Melchinger et al., 2007) . However, evidence from tomato introgression lines showed that heterosis might be manifested even when epistasis did not exist (Semel et al., 2006) or even a single overdominant gene could lead to tomato yield heterosis (Krieger et al., 2010) . On account of various controversies and anomalies relative to heterosis, Birchler et al. (2010) have even suggested that the past hypotheses or terms used to explain heterosis be discarded and that instead scientists should attempt to develop a quantitative genetic framework that involves gene interactions in hierarchical networks.
Some genome-scale studies have suggested that the three heterosis models were not sufficient to explain all the heterosis-related experimental observations (Goff, 2011) . Gene expression changes between hybrids and inbreds have not been consistent, with some studies reporting a high percentage of additive gene expression changes (Swanson-Wagner et al., 2006; Li et al., 2009) and others reporting a high percentage of non-additive changes . Goff (2011) , after a thorough review of gene expression and protein metabolism studies, came to the conclusion that there was a nuclear qualitycontrol mechanism that allowed cells to discriminate between alleles based on the quality of the protein products made by those alleles. With this nuclear qualitycontrol mechanism, homozygous alleles in the inbred would express regardless of the stability of the encoded protein. In hybrids, however, the nuclear quality-control mechanism detects and downregulates alleles encoding unstable proteins. Thus, the hybrid growth advantage would seem to result from conserved energy and more rapid cell division. Since Goff's new heterosis model is related to the allele selection determination by an energy efficiency-control mechanism, we can call it 'energyefficient allele selection' (EEAS) model.
The EEAS model, as pointed out by Goff (2011) , can explain heterosis quite well. For example, dominance is operational when a weak allele encoding unstable proteins pairs with a strong allele encoding more stable proteins; the strong allele will be dominant to the weak allele because of downregulation of the weak allele. Hybrids, therefore, express more stable alleles than their inbred parents under the EEAS model. In the case of overdominance, two different alleles encoding stable proteins under different environmental conditions are brought together in hybrids. In addition, the EEAS model can explain why greater genetic diversity between parental lines leads to higher levels of heterosis and why no inbred could ever reach hybrid-performance level.
The EEAS model, however, has its weaknesses. Breeders know that heterosis most explored in current agriculture relates to composite or complex quantitative traits (CQTs), such as grain yield, milk and meat production, and dry matter (Hallauer and Miranda, 1988; Holton and Cornish, 1995) , and each CQT is usually controlled by multiple genes in a synchronized fashion (Shinozaki and Shinozaki, 2007 Hallauer and Miranda, 1988) such that the product GY = KR × RE × KW. From this equation, we can see that when a change occurs in any of the ICTs (KR, RE, or KW), GY will be affected. Thus, GY heterosis might be expected to change because of changes in its ICTs. The EEAS model and the three major heterosis hypotheses are unable to explain heterotic changes described above.
MATERIALS AND METHODS
Plant Materials
Twelve maize inbred lines (Table 1) . At maturity, a 10-ear sample was harvested from 10 consecutive plants taken from the middle of each row. Kernels were air-dried until constant moisture of 130 g kg -1 was achieved. Data on GY, KR, RE, and KW were collected.
Statistical Analyses
From plot data, low-parent (LPH), mid-parent (MPH), and high-parent heterosis (HPH) for each trait were computed using the following formulas:
Though MPH and HPH estimates of heterosis may be dependent for a trait, the dependence-effect should be negligible because a common parental line existed in only 12 out of 132 crosses. We, therefore, assume that diallel analysis or ANOVA performed is approximately valid for LPH, MPH, and HPH.
Reciprocal-Cross Differences
Reciprocal effects have been reported for many quantitative traits in maize (Fan et al., 2008 (Fan et al., , 2014 Yao et al., 2013) . How did reciprocal-cross differences come about? Cytoplasm (e.g., mitochondria and chloroplasts) seems to play a strong part in causing such differences. Only a few examples are mentioned here. In maize, reciprocal effects have been demonstrated for such quantitative traits as grain dry-down rate (Magari et al., 1996) and resistance to kernel infection by Aspergillus flavus . In rice, Young and Virmani (1990) pointed out that reciprocal effects were significant for days to flowering, plant height, and yield and that cytoplasm affected heterosis of all three traits as well as GCA and SCA. Tao et al. (2011) detected cytoplasmic variation for two agronomically important traits in indica rice. Their work indicated that the source of cytoplasm had a significant effect on grain weight across two experimental locations and that the cytoplasm affected the filled-grain ratio only in two of three nuclear backgrounds and at one of two locations. Liu et al. (2011) showed that of the 26 potential phosphate-transporter family genes in rice, one was located in mitochondria. Mitochondrial heterosis and complementation have been reported in several studies (Sarkissian and Srivastava, 1969; McDaniel, 1972; Srivastava, 1983) ; these investigators strongly suggested that genes in mitochondria and chloroplasts and their interactions with nuclear genes play important roles in the expression of heterosis of some traits. Mahgoub (2011) and Yao et al. (2013) have recently shown that reciprocal effects strongly impacted SCA estimates. Reciprocal effects have been shown to have a major impact on GY of maize hybrids (Yao et al., 2013) . Despite these known effects of cytoplasmic factors on heterosis and quantitative traits, the three major heterosis hypotheses and the EEAS model do not consider the interactions between cytoplasmic genes and nuclear genes in explaining heterosis. Thus, an updated heterosis model may be needed to explain various heterotic phenomena observed in breeding practice. Since heterosis calculation is based on both hybrid and parental performance, the ANOVA of heterosis and combining ability analysis of GY, KR, KW, and RE could reveal whether the gene expression profile is similar or completely different in hybrids and their respective parents and in different environments. The objectives of this study were to: (i) investigate whether reciprocal crosses and environment (years) affect heterosis of GY, KR, RE, and KW; (ii) determine whether heterosis of GY (a CQT) is impacted by heterosis of its ICTs, that is, KR, RE, and KW; and (iii) see how the EEAS model of heterosis can be modified to explain heterosis more comprehensively and to verify the modified hypothesis using a simulated dataset. The GCA, SCA, reciprocal, maternal, non-maternal effects and their interactions with years were calculated based on plot data via DiallelSAS05 program of Zhang et al. (2005) . All analyses in this study were conducted in SAS (SAS Institute, 2011) . Analyses of variance of the plot-based heterosis measures given above are approximate in the sense that some of the heterosis values are not entirely uncorrelated because of shared parents. The fraction of pairs of heterosis values with shared parents is, however, rather low so that we consider this approximation to hold well.
RESULTS
Heterosis of Grain Yield, Kernel Number, Kernel Row Number, and Kernel Weight Analyses of variance (ANOVA) for MPH and HPH of GY and three yield components (ICTs RE, KR, and KW) are shown in Table 2 . Results for both LPH and HPH are similar, therefore only HPH results will be discussed hereafter. The mean squares for MPH and HPH were statistically significant for females, males, and females × year, males × year, and females × males interactions for all four studied traits. The females × males × year interaction was not significant for heterosis of any trait ( Table 2 ). The following interesting points emerged from these results: (i) the significant variances for females, males, and the females by males interaction suggested that inbred lines and their hybrids performed differently with respect to the studied traits; and (ii) significant variances attributable to females × year and males × year and the nonsignificant variance attributable to females × males × year interaction showed that even though the inbred parental lines might have performed differently in different years, their hybrid might not perform differently in different environments.
Combining ability analyses are reported for the four traits (Table 3 ) and for mid-and high-parent heterosis (MPH and HPH) (Table 4) of GY, RE, KR, and KW based on Griffing's Method 1. Mean squares attributable to GCA, SCA, and GCA × year for GY, KR, and KW (Table 3) were quite similar to those for MPH and HPH of the three traits (Table 4) . However, different results were observed for SCA × year for GY, KR, and KW (Table 3) and MPH and HPH of these three traits (Table 4) . The SCA × year interaction mean squares were significant for GY, KR, and KW (Table 3) but nonsignificant for MPH of these three traits and also for HPH of KW (Table 4) . These results further confirmed that while the inbred parental lines might perform differently in different years, their F 1 cross might not perform differently in different environments.
To see how parental lines and hybrids may perform in different years, mean GY data from two parental lines i and j and their crosses with similar MPH values (data not shown) in 2010 and 2011 were plotted (see Fig. 1 ). We can see in Fig. 1 that the mean GY of parental lines in the three crosses were different in 2010 and 2011, and when GY of a cross was higher in one year, either both parents or at least one of the parents in the cross had higher GY in one year than in the other year. These results suggested that though heterosis for a trait (e.g., GY) was not significantly different in the second year (Table 4 ), the actual trait (i.e., GY) might perform much differently (Fig. 1) . Thus, a trait and its heterosis should be regarded as different traits.
Heterosis Differences in Reciprocal Crosses and Environments
The reciprocal effects for traits were significant at α = 0.05 for GY, KR, and RE and almost significant (P = 0.06) for KR (Table 3 ). An examination of maternal and non-maternal mean squares, which are components of reciprocal effects, revealed that maternal and maternal × year variances were not significant for all four studied traits; nonmaternal effects were significant at α = 0.05 for KR and RE, and nonmaternal effects for GY and KW were almost significant (P = 0.064 and P = 0.058, respectively). The nonmaternal × year interaction was not ** Significant at the 0.01 probability level. † Rep(year) = replications within year.
same traits (Table 4) . A possible explanation could be the manner in which heterosis is calculated. For example, in Eq.
[2], the value of MPH is determined by mean values of both F 1 and parental lines, whereas a trait, such as GY or KR, represents 1 F performance itself. When both F 1 and parental lines have the same or similar interaction between cytoplasmic genes and nuclear genes, heterosis calculated via the above formula could be very similar between reciprocal crosses. We concluded that the interaction of cytoplasmic genes and nuclear genes impacted performance of a hybrid relative to GY, RE, KR, and KW; that is, the interaction profile in reciprocal crosses and their parental lines was the same or similar. This is indicative of the need for a new heterosis hypothesis that can fully explain heterosis, taking into account the cytoplasmic genes and their interaction with nuclear genes. significant for all four traits. These results suggested that significance of reciprocal effects was largely attributable to nonmaternal effects and not maternal effects, implying that it might be the interaction between nuclear genes and cytoplasmic genes that caused differences between reciprocal crosses for traits.
To determine the impact of reciprocal crosses on MPH and HPH, main effects GCA, SCA, reciprocal, maternal, and nonmaternal effects and their interactions with year for MPH and HPH were analyzed (Table 4) . Surprisingly, mean squares for both MPH and HPH of all four studied traits were not significant for all reciprocal-related effects, that is, reciprocal, maternal, nonmaternal, reciprocal × year, maternal × year, and nonmaternal × year effects. In light of these results, the question might arise why reciprocal and nonmaternal effects were significant for the traits (Table 3) but not significant for heterosis of the Table 3 . Mean squares for general combining ability (GCA), reciprocal, maternal, nonmaternal, and specific combining ability (SCA) and their interaction with year for maize grain yield (GY), kernel row per ear (RE), kernel number per row (KR), and 100-kernel weight (KW). 
Heterosis in Grain Yield Caused by Changes in Yield Components
A complex trait, such as GY, can be calculated from the product of its component traits, that is, GY = KR × RE × KW, as described by Sparnaaij and Bos (1993) and Piepho (1995) . Accordingly, we created a new variable called KRW as follows: KRW = KR × RE × KW. Here KRW can be defined as a CQT, with KR, RE, and KW as its ICTs. Because KRW is mathematically computed from KR, RE, and KW, which are sampled from an ear, KRW is not equal to GY; the latter represents weight of all kernels on an ear. A correlation analysis conducted between GY and its three ICTs (KR, RE, and KW) and between GY and KRW (Table 5) revealed that correlation between GY and KRW was higher than those between GY and any of the three individual ICTs (i.e., RE, KR, and KW). Furthermore, the correlation between GY heterosis and KRW heterosis was always higher than that between GY heterosis and heterosis of the three ICTs, regardless of whether MPH or HPH was considered (Table 5) . These results strongly suggested that synergistic performance of the three ICTs was the key to the relatively high level of heterosis of CQT; that is, GY, and that any changes in individual ICTs might greatly impact heterosis of GY. Thus, efforts towards improving GY heterosis should be directed towards improving heterosis of its individual ICTs.
DISCUSSION
During the past decade, gene expression profile and gene expression levels between hybrids and their parents have been intensively studied at the molecular level (Guo et al., 2004; Auger et al., 2005; Bao et al., 2005; Swanson-Wagner et al., 2006; Springer and Stupar, 2007; Li et al., 2009 ). The current study, based on agronomic traits, provides several interesting insights. First, the trait variances for inbred lines (i.e., females and males) and crosses (females × males) (Table 3) were statistically significant. These significant variances could be either caused by different genes in the inbreds and their crosses (Hallauer and Miranda, 1988) or by the gene expression profiles and gene expression levels being different in both parental lines (i.e., females or males) and crosses (i.e., females × males). Second, the variances attributable to the interactions of females × year and males × year were significant. The significant females × year and males × year interactions might not be explainable by different genes in parental lines, as the genes in each inbred line should be the same in different years. Thus, most likely the differences could be attributed to changes in gene expression profiles and/or expression levels in parental lines between different years. Third, though females × year and males × year interactions were significant, the variance attributable to females × males × year interaction was not significant. The most logical explanation for these results is that though the gene expression in both parents might be different in different years, the genes in both parents might be expressed in a similar or same way and be complementary to each other when brought together in a cross. Furthermore, a hybrid has more allele choices in the allele selection process, which makes the hybrid performance consistent across different environments. Fourth, the mean squares for SCA × year were significant for GY, KR, and KW (Table 3) but nonsignificant for MPH of GY, KR, and KW (Table 4) , which further confirmed that the gene expression in a cross could have been complemented by its two parental lines. Fifth, the heterosis of a CQT (i.e., GY) was greatly impacted by heterosis of its ICTs. Melchinger et al. (1994) studied heterosis and gene effects of a complex or multiplicative character (i.e., GY). They built a model that not only incorporated the inherent multiplicative nature of sub-characters (or ICTs) for the manifestation of heterosis in complex traits (or CQTs) but also explained the multiplicity relative to multiplicative gene interaction between the loci for ICTs. Their model showed that with large complementary differences for ICTs in the parents, it was possible to find substantial heterosis in a complex character (CQT) without the presence of significant heterosis for its component traits. The results from the current study showed that the heterosis of a CQT might be impacted by its ICTs, and that it varied among crosses, between reciprocal crosses, and across environments. Therefore, to explain this phenomenon fully, a new heterosis hypothesis should take into account all of these factors.
A New Heterosis Hypothesis
The EEAS model of Goff (2011) seems to be supported by some previous studies. For example, genes present and absent in DNA (Fu and Dooner, 2002; Guo et al., 2004) can lead to natural allele selection. Alteration of gene expression levels in hybrids (Song and Messing, 2003; Bao et al., 2005) could be direct evidence of allele selection.
The results from the current experiments showed that heterosis of ICTs greatly impacted heterosis of their CQT and cytoplasmic genes, and/or that interaction between cytoplasm gene(s) and nuclear gene(s) played a vital role in generating heterosis. In addition, nonsignificant variances for females × males × year and SCA × year interactions for heterosis strongly suggested that the gene expression in both parents and their crosses might be similar or the same and genes from two parental lines complemented each other in crosses. The numerous or additional choices for allele selection in a hybrid make the hybrid more stable in different environments. As we pointed out in the introduction, however, the EEAS model and the three major heterosis hypotheses are unable to explain how heterosis of each of the ICTs impacts heterosis of a CQT. Furthermore, those hypotheses did not consider cytoplasmic genes and/or alleles to explain heterosis.
Therefore, based on results of the current study, a new hypothesis with the following key points may be in order: 1. A quantitative trait, usually a CQT, is made up of several ICTs. A single ICT may be controlled by genes involved in multiple bioprocesses and may be further dissected into several sub-ICTs. Any changes in ICTs can change the CQT or its heterosis. 2. The alleles of a gene in both nuclear and cytoplasmic domains may be co-expressed or selectively expressed in the same way in both a cross and its parents. Allele selection determines how genes are expressed at different dominance levels. If only one allele is selected in a cross, the selected allele may lead to complete dominance over the non-selected allele. If both alleles from the two parental lines in a cross are selected, co-dominance will result. If epigenetic processes (e.g., DNA methylation, RNA repression by miRNA, histone-modification proteins) are involved, overdominance or underdominance can occur, regardless of whether one allele or two alleles are selected. 3. Allele selection is determined by a quality-control system (Goff, 2011) , which responds to any changes in the internal environment of an organism that is influenced by the external environment of the organism; or by reciprocal effects. Change in either external or internal environment may cause the quality-control system to select a different allele to be expressed and/or to impact the choice of epigenetic process to be used. 4. The expression level of an ICT is determined by the output of the least expressed allele and interaction among the alleles, which leads to the final output of a bio-process related to the ICT. Because we enhanced the EEAS model of Goff (2011) by incorporating the impacts of ICTs, environment, and reciprocal crosses (nuclear and cytoplasmic gene interaction) on heterosis of a CQT, we have designated the modified heterosis hypothesis as the 'environmentadjusted allele selection interaction' (EAASI) model.
Application of an EAASI Model to Experimental Results and a Fictitious Example
The number of crosses, with F 1 < low parent (underdominance), F 1 = intermediate between the two parents (incomplete dominance), F 1 = same level as one of the parents (complete dominance) and F 1 > high parent (overdominance), was recorded for GY, KR, RE, and KW in the current study (see Table 6 ). The results showed that a trait might be classified as being controlled by two or more types of dominance, suggesting that genes in both the nucleus and the cytoplasm may be expressed at different levels, depending on how a selected allele in a cross expresses and how different alleles interact with each other in a bioprocess relative to a trait. When one allele, selected to be expressed in a cross, expresses at a level less than that of the parent from which the allele comes, underdominance will occur; and if the allele in the cross expresses at the same level as that of one of its parents, complete dominance will result. On the other hand, if more than one gene difference in the two parental lines is involved, existence of gene interaction (epistasis) in a cross would be implied. To illustrate the impact of the gene interactions on a trait, an example with four fictitious lines and their six crosses, each line with four related genes (each with two alleles) and three promoters is used. This illustration shows how the EAASI model can be used to explain heterosis of a CQT (Fig. 2) . The three promoters and related genes may be located on the same chromosome or on three different chromosomes or they can be in the cytoplasm. The output quantities of the products from the four genes and the final output for each of the four lines are given in Table 7 . From the EEASI model, the allele from the gene highlighted as orange, will be selected to be expressed and the corresponding allele from another gene labeled light green will not be selected (via DNA methylation, miRNA, histone modification, or some other mechanism) (Berger, 2007; Chen and Zhou, 2013; He et al., 2013) when they come together in a cross. When alleles from the genes with the same color are paired in a cross, this means both alleles are selected. The final product attainable by a line will be determined by the gene with the least output (i.e., limiting factor or bottleneck) in the bioprocess. In the EAASI model, the alleles of multiple linked genes are selectively expressed (one or more alleles can be selected) according to the information from the Table 6 . Number of crosses with different dominance types in the 132 crosses tested in three replications and two years for maize grain yield (GY), kernel row per ear (RE), kernel number per row (KR), and 100-kernel weight (KW). Fig. 2 . Four fictitious lines (Lines 1 through 4) with genes, substrates or final product. P1, P2, and P3 represent three promoters and G1, G2, G3 and G4 denote four different genes controlling a trait. G1_1 and G1_2 are similar copies of the G1 that produce the same substrate 3 (S3) from either substrate 1 (S1) or substrate 2 (S2). Similarly, G4_1 and G4_2 are copies of G4 that produce final product (P).
'quality-control system' in an organism. Different genes can be used to code for either enzymes or inhibitors or small RNA. The profile of genes and interaction of all the genes in an organism will determine the expression level of a quantitative trait in a line or a cross. Because alleles are selectively expressed, whether only one or two alleles of a gene are selected will depend on the cytoplasmic environment which, in turn, is impacted by a plant's external environment. The product units for a cross are calculated by averaging alleles' outputs of its two parental lines if both alleles are selected or by taking the selected allele's output if only one allele is selected. For example, an allele from the orange-highlighted gene will be selected when it pairs with a corresponding allele of the gene highlighted as light green (Fig. 2) . The least amount of product from a gene will determine the output of the cross. The detailed calculations based on the EAASI model can be found in Table 8 and the Appendix. The results (Table 8) in the column labeled "theories" were determined on the basis of whether the value (or expression level) of a trait in a cross is intermediate between two parents (incomplete dominance), or higher than that of the high parent (overdominance) or lower than that of the low parent (underdominance) or equal to that of one of the parents (complete dominance). The results from these fictitious data, according to the EAASI model, showed that complete dominance, incomplete dominance, underdominance and overdominance phenomena were successfully generated, suggesting that the EAASI model alone can explain various types of heterosis phenomena and/or observations obtained in the current study and that it may also be applied to all heterosis observations obtained in previous studies Tollenaar et al., 2004; Flint-Garcia et al., 2009) .
The above example only showed how all types of heterosis can be generated based on the EAASI model in one elemental trait (ICT). According to Piepho (1995) , a CQT is a complex trait and is the product of its component traits. Thus, after the expression level of one trait has been established, the question arises as to how expression level of the CQT will be affected by two or more ICTs. Let us assume that a CQT (e.g., GY) has three ICTs, such as KR, RE, and KW, with each of the elemental traits being controlled by one bioprocess, as shown for one of the ICTs in Fig. 2 . Suppose the selected alleles increased KR, RE, and KW by 20, 30, or 50%, respectively, in an environment, then a multiplicative effect on the expression level of GY would be GY = (1.2 × KR) (1.3 × RE) (1.5 × KW). On the other hand, if, in another environment, the selected allele increases KR and RE by 20 and 10%, respectively, but decreases KW by 40%, then GY = (1.2 × KR) (1.1 × RE) (0.6 × KW). Thus, the differential impact of the selected alleles on the three ICTs may finally lead to changes in the expression level of GY, which, in turn, may lead to a change in heterosis mechanism from dominance to overdominance, and vice versa. Therefore, based on the EAASI model, the expression level for a CQT is not only determined by the allele selection process as described by Goff (2011) , but it is also greatly impacted by multiplier effects of its ICTs.
Dissection of Quantitative Traits for Finding Key Genes for Introgression
We know that GY can be dissected into RE, KR and KW. Moreover, RE, KR, and KW are themselves complex quantitative traits (Piepho, 1995) . Each of these traits can be dissected further. For example, KW is determined by the size of kernel, which consists of an embryo and 
APPENDIX
The assumed outputs for each gene in the four lines are listed in Table 7 and corresponding genes are shown in Fig. 2 . The following example will show the computational procedure used to obtain results shown in Tables 7 and 8 . The first step is to obtain output from each line. In line 1, gene 1 (gene 1 has two copies, G1_1 and G1_2) and gene 2 (G2) together may produce 16 (i.e., 4 units from G1_1, 4 units from G1_2, and 8 units from G2) units of substrate 3 (S3) product (Fig. 2) ; then 6 units of substrate 4 (S4) from S3 are produced because of a lessefficient enzyme produced by gene 3. Though gene 4 can make 16 units of final product (P) from S4, this bioprocess only gets 6 units of final product for line 1 (Table 7) because only 6 units of S4 substrate are available from G3 (the bottleneck gene). The units of final product for other lines can be calculated in similar logic and procedure.
The second step is to calculate output for a cross from two parental lines (Table 8) . For the two genes labeled green, the alleles from each gene in the two lines may be selected. Then the cross output is the average of the gene outputs of its two parental lines based on the EAASI model. When a cross has alleles from the genes with a different color, the allele may be selected from one gene labeled as orange. In this case, half of the output is counted from the gene with orange color and no output will be counted from the gene with light green color since this allele is not selected when it pairs with an allele from the gene with orange color for best efficiency of energy usage.
The third step is to determine the final output of a cross by determining which gene produces the least amount of product in the cross. The least amount of product among the four genes in the process will be the final output of the cross. The outputs from six crosses among four fictitious lines were calculated (see Table 8 ). For demonstration purposes, the cross between line 1 and line 3 will be used as an example to show how the final output for a cross is calculated. In this cross, alleles from G1 and G2 in line 1 and line 3, respectively, are all labeled as green and should co-express in the cross based on the EAASI model. Thus, the output for S3 from line 1 is sum of outputs from G1 and G2 (i.e., 4 + 4 + 8 = 16 units). The output for S3 from line 3 is also the sum of outputs from G1 and G2 (i.e., 4 + 4 = 8). Since only one allele from each gene in the line is used to form the hybrid, the output from alleles of G1 and G2 for the cross is equal to (16 + 8)/2 = 12 units (Table 8) . For gene 3, since G3 in line 1 is labeled as orange and the allele from the G3 is selected to be expressed, while the allele in line 3 is from the gene labeled as light green and is not selected, the outputs with G3 from line 1 and line 3 are 6 and 0, respectively. Thus, the output for G3 in the cross is (6 + 0)/2 = 3 units (Table 8) . For gene 4 (G4), with similar reasoning as used for alleles of G1 and G2, the cross output for G4 is (16 + 16)/2 = 16.
Finally, based on the least-output rule determining final output, we obtained the final output for the cross (i.e., 3; Table 8 ), which is the least output from G3. The outputs from other crosses can be obtained by following the same rules. The least output level may be changed because enzyme function might be altered or different alleles might be selected because of internal cytoplasmic environmental changes caused by the external environment, such as nutrient availability, temperature, sunlight, and various biotic or abiotic stresses.
